Vapor deposited Cu/ Co multilayers with high quality Co-Cu interfaces exhibit significant giant magnetoresistance. These multilayers are sometimes grown using process environments with significant background partial pressures of oxygen, which can impact the quality of film and its properties. Previously we found that oxygen preferentially stabilizes Co/ Cu͑111͒. First principle density functional theoretical calculations are used herein to examine the effects of surface atomic oxygen on the stability of the Cu͑111͒ /Co͑0001͒ interface. This interface can be grown with varying degrees of intermixing at the surface. We examine the significance of this by analyzing the first two Cu layers deposited on a Co͑0001͒ substrate. The effects of oxygen are studied for the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ system, the mixed Co 0.33 Cu 0.67 /Co 0.67 Cu 0.33 /Co͑0001͒ and Co 0.66 Cu 0.33 /Co 0.33 Cu 0.67 /Co͑0001͒ surface alloys and the Co-capped Co 1 ML /Cu 1 ML /Co͑0001͒ system. In the absence of oxygen, the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ system is found to be the most stable. The calculations show that the fraction of the surface comprised of Cu, in the absence of background oxygen, is maximized for Cu deposited onto a Co͑0001͒ substrate. This reduces the tendency for intermixing. Submonolayer coverages of atomic oxygen preferentially bind at the three-fold fcc and hcp sites on all four Cu/ Co͑0001͒ surfaces investigated as well as on the homogeneous Co͑0001͒ and the Cu͑111͒ surfaces. The difference in the oxygen-metal binding energy for the fcc and hcp sites appears to be negligible which is consistent with the minor changes that occur in the local structure ͑oxygen height above the surface and interlayer spacing͒. Total energy calculations indicate that the intermixing is unfavorable when the oxygen coverage is kept below 0.362 ML. This threshold coverage is hardly affected by the oxygen binding sites ͑hcp and fcc͒, stacking sequence of the metal layer or thicker Cu layers. This threshold oxygen coverage minimizes the influence of the surface oxygen on the magnetic properties of the system. These results, taken with other calculations for Co/ Cu͑111͒, suggest that 0.362 ML of oxygen is optimal for stabilizing the Co/ Cu͑111͒ interface without disrupting the stability of the Cu/ Co͑0001͒ interface. The calculations show that the addition of oxygen to the Cu-segregated unmixed Cu 1 ML /Co 1 ML /Co͑0001͒ surface increases the surface magnetization as a result of the unpaired electrons that arise from the surface oxygen atoms. The addition of atomic oxygen to the Co-capped Co 1 ML /Cu 1 ML /Co͑0001͒ surface, on the other hand, results in an increase in the magnetization for oxygen coverages up to 0.33 ML. At higher oxygen coverages, however, there is a shifting of the minority states toward the majority states near the Fermi level which significantly reducing the magnetization of the surface Co layer.
I. INTRODUCTION
Multilayered cobalt-copper films grown by vapor deposition have attracted a great deal of interest as potential magnetic sensors in ultrahigh-density data storage devices and for future generations of magnetic random access memory. 1 These devices rely on the giant magnetoresistance ͑GMR͒ exhibited by these multilayers. 1, 2 The large magnetoresistance is directly related to the spin-dependent scattering of electrons within these magnetic multilayers and is significantly affected by the atomic scale structure and local chemical composition at the interface between the deposited Co and Cu layers. GMR therefore depends on the degree of interfacial roughness as well as the extent of interfacial mixing at the Co on Cu and Cu on Co interfaces in the multilayers. [3] [4] [5] [6] Smooth and unmixed Co-Cu interfaces are thought to optimize the magnetoresistance. 3 Intermixing is experimentally found to occur predominantly at the Coon-Cu interface in Co/ Cu multilayers. 3, 5, [7] [8] [9] [10] [11] [12] [13] Recent molecular dynamics simulations and ab initio simulations lead to similar conclusions for other Cu/ Co systems. 14, 15 This arises because Cu has a lower surface free energy than Co. Copper is therefore energetically preferred on the growth surface during the deposition of Co on Cu. Recent experimental work has indicated that the addition of small amounts of oxygen during the epitaxial growth of Co and Cu multilayers significantly reduces the degree of interfacial intermixing. 3, 11 The fundamental reasons for this observation are unclear.
Eggelhoff was the first to report that the presence of oxygen within the background gas during deposition improved the magnetoresistance of Co/ Cu thin films. 11 Subsequent studies have probed this over different Co-Cu thin films in more detail. 9, 12, 13, [16] [17] [18] [19] [20] [21] Several of these studies examined the effects of oxygen on interfacial roughness. 3, 9, [11] [12] [13] 17, 18, 21 and reported improved surface/interfacial structure, i.e., "flatness," as a result of more pronounced epitaxial step flow growth and suppression of three-dimensional ͑3D͒ island formation. The addition of a half of monolayer of oxygen prior to Co deposition onto Cu was also found to suppress inter-mixing of Co in Cu. 3, 9, 11, 13 In recent ͑unpublished 22 ͒ theoretical work we showed that intermixing at the Co on Cu͑111͒ interface can be reduced when the oxygen coverage is greater than or equal to 0.362 ML ͑monolayer͒ and less than 1.0 ML. We therefore suggested that the surface oxygen stabilizes the top Co layer, thus preventing the substrate Cu atoms from migrating to the surface to form Cu/ Co which is the lowest free energy state for the system in the absence of oxygen. Similarly, the addition of oxygen can also selectively pull Co atoms trapped in subsurface Cu layers to the surface which reduces intermixing in the Co on Cu interfaces. This is largely the result of the fact that the Co-O bond is stronger than that of Cu-O bond. For instance, at oxygen coverage of 0.33 ML, the binding energy for O on Co͑0001͒ is 0.86 eV stronger than that for O on Cu͑111͒.͑unpublished 22 ͒ In Co/ Cu multilayers for GMR, both Co-on-Cu and Cu-on-Co interfaces exist. The addition of oxygen to stabilize the Co-on-Cu interface might be detrimental if the oxygen meets the Cu-on-Co interface, since it could promote intermixing of this interface. Herein we performed a series of ab initio density functional theory calculations for a range of different Cu x Co 1−x /Co͑0001͒ intermixed ͑alloyed͒ and nonmixed interfaces in both the presence and absence of oxygen. We explicitly examined the influence of oxygen on the interfacial stability of Co and Cu alloys on Co͑0001͒ over the range of oxygen coverage between 0.0 to 1.0 ML. We find that the nonmixed Co-on-Cu interface remains the most stable interface for oxygen coverage of less than 0.362 ML. Higher oxygen coverages favor intermixing at the Cu on Co interface. The addition of oxygen also influences the magnetic properties of the surface layers.
II. COMPUTATION DETAILS
All of the calculations reported herein were performed using periodic plane-wave density functional theory. 23, 24 as implemented in the Vienna ab initio Simulation Package ͑VASP͒. 25, 26 Nonlocal corrections to the exchange and correlation energies were evaluated using the Perdew-Wang 91 generalized gradient ͑GGA͒ approximation. 27 The electronion interactions were described by ultrasoft Vanderbilt pseudopotentials. 28 A plane wave cutoff energy of 396 eV was used in all the calculations. All the calculations were performed using spin-polarized calculations since Co is ferromagnetic and the differences in the spin-dependent scattering ultimately dictate GMR behavior.
The Cu/ Co͑0001͒ surface was simulated using a fivelayer metal slab. The metal slab is repeated periodically in three dimensions and separated by a 10 Å vacuum region in the z ͑thickness͒ direction. The thickness of the vacuum region was systematically increased to ensure that the vacuum was large enough to avoid slab-slab interactions. Oxygen atoms were adsorbed onto one side of the Cu/ Co͑0001͒ slab. The metal atoms in the bottom two Co layers of the metal slab were fixed at their bulk lattice positions ͑a = b = 2.50 Å and c = 4.05 Å͒, 22, 29 while the adsorbed oxygen atoms and the atoms in the top three layers were allowed to relax. In evaluating the mixed Co x Cu 1−x /Co 1−x Cu x /Co͑0001͒ systems the same size and shape unit cells were used for different values of x in order to keep the same basis sets in determining the wave function for each system.
The influence of oxygen on the stability of various different Cu/ Co compositions in the first two layers of the Cu/ Co͑0001͒ system was studied by preadsorbing 0.17, 0.33, 0.50, 0.67, 0.83, and 1.0 ML of atomic oxygen. The 0.33, 0.67, and 1.0 ML oxygen coverages were calculated by using the ͑ ͱ 3 ϫ ͱ 3͒ R-30°surface unit cell with one, two and three oxygen atoms, respectively. The 0.17 and 0.83 ML oxygen coverages were calculated using a ͑2 ϫ 3͒ surface unit cell containing one and five oxygen atom͑s͒, respectively. The 0.50 ML oxygen coverage was calculated with ͑2 ϫ 2͒ unit surface cell containing one oxygen atom. The first Brillouin zones for all of the above surfaces were sampled with equivalent special k points in order to improve the accuracy of the calculations. In particular, the 5 ϫ 5 ϫ 1, 5 ϫ 3 ϫ 1 and 5 ϫ 5 ϫ 1 Monkhorst-Pack k-point grids were used for the͑ ͱ 3 ϫ ͱ 3͒ R-30°, ͑2 ϫ 3͒ and ͑2 ϫ 2͒, unit cells, respectively.
III. STABILITY OF THE Cu/ Co"0001… SYSTEMS IN THE ABSENCE OF OXYGEN
The relative stability of the Cu and CuxCo1 − x alloy surfaces on the Co͑0001͒ substrate ͑where x = 0.0, 0.33, 0.67, and 1.0͒ were examined first in the absence of oxygen. The nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ interface is a chemically abrupt interface consisting of a pure pseudomorphic overlayer of Cu on a Co͑0001͒ substrate ͓Fig. 1͑a͔͒. If copper is deposited onto a cobalt surface with high velocity it can exchange with surface Co atoms to create a random intermixed ͑alloy͒ layer at the interface, Fig. 1͑b͒ . In principle FIG. 1. ͑Color online͒ A schematic picture of the Cu-on-Co interfaces: ͑a͒ the nonmixed Cu-on-Co interface, ͑b͒ the mixed alloy Cu-on-Co interface, and ͑c͒ the Co-capped Cu-on-Co interface. Co and Cu are depicted by the green and white spheres, respectively. a Co capped Co1 ML/ Cu1 ML/ Co͑0001͒ fully intermixed interface, Fig. 1͑c͒ , can also be created. The interfaces constructed here maintain the same total number of Co and Cu atoms in the top two layers and were created by a simple exchange of one atom type for another while using supercells of the same shape and size for the studied Co x Cu 1−x /Co 1−x Cu x /Co͑0001͒ system ͑where x = 0.0, 0.33, 0.67, and 1.0͒. For the x = 0.33 example, the Cu0.33Co0.67/ Cu0.67Co0.33/ Co͑0001͒ surface is one in which 67% of the original Cu atoms at the surface have been exchanged with Co atoms from the second layer. The specific systems examined are shown in Fig. 2 . They consisted of ͑1͒ the nonmixed Cu1 ML/ Co1 ML/ Co͑0001͒ surface ͓Fig. 2͑a͔͒; ͑2͒ the mixed Co0.33Cu0.67/ Co0.67Cu0.33/ Co͑0001͒ surface alloy ͓Fig. 2͑b͔͒ and the mixed Co0.67Cu0.33/ Co0.33Cu0.67/ Co͑0001͒ surface alloy ͓Fig. 2͑c͔͒; ͑3͒ the capped Co1 ML/ Cu1 ML/ Co͑0001͒ fully mixed system with 1 ML Co capping the top of the Cu/ Co͑0001͒ surface ͓Fig. 2͑d͔͒.
In order to analyze the stability of these different surfaces, we compared their surface formation energies. The surface formation energy, E f,top_surface here refers to the energy to create the top surface from its bulk atomic constituents and is computed as:
͑1͒
where Nb is one half of the total number of surface atoms ͑including both the top and bottom surfaces͒ per unit cell, Eslab is the total energy of the slab, NCu and NCo are the number of Cu and Co atoms in the slab and E Cu bulk and E Co bulk are the energies for the Cu and the Co atom in the respective bulk crystals at their theoretically calculated equilibrium lattice constants. The first term in Eq. ͑1͒ refers to the formation energy for the top and the bottom surfaces together. The last term in Eq. ͑1͒ refers to the energy to create the bottom Co surface, which was calculated to be 0.69 ͑eV/atom͒ according to this same equation with the exception that the number of Cu atoms is zero. Subtracting the first and second terms provides the formation energy for the top surface. For reference, a positive formation energy implies that the formation of the CoCu surface from its constituent atoms taken from bulk fcc Cu and hcp Co metals requires energy and is therefore endothermic. 22, 29 Lower formation energies correspond to more stable surfaces. For comparison purposes, we reference the surface energies for each system to the surface energy of the Cu1 ML/ Co1 ML/ Co͑0001͒ system to define referenced energies ͑⌬ET͒.
The results for the energies of the bare surfaces are presented in Table I and the formation energy. The higher the concentration of Cu in the surface layer, the lower the formation energy. In other words, Cu atoms prefer to reside at the surface. One of the critical driving forces for the segregation of Cu to the surface is the difference between the surface energies for Cu and Co, which are, 1.9 and 2.7 J / m 2 , respectively. 30, 31 A Copper also has a larger radius and therefore prefers to segregate out to the surface to reduce the lattice strain energy and increase the entropy and lower the overall free energy. This is reflected by the fact that the interlayer distances between the first two surface layers, d12, ͑Fig. 3͒ in all of the Cu/ Co͑0001͒ surfaces expand from about 1.97 Å to 2.11 Å ͑see Table II͒ . Therefore, intermixing is minimized when Cu is deposited on Co to form the Co-on-Cu interface. As might be expected, the opposite result is true for the Co-on-Cu interface whereby intermixing will much more likely occur thus increasing the concentration of Cu in the surface alloy. These results are in good agreement with experiments. 8, 10, 32, 33 as well as with other theoretical calculations, 15 i.e., that intermixing occurs predominantly at Co/ Cu͑111͒ surface, which is observed much more often in the experiments. 
IV. OXYGEN BINDING
The presence of oxygen can significantly alter the stability of different interfaces examined above. As was discussed, oxygen binds more strongly to Co than to Cu. The relative binding energies for oxygen to the Co and Cu atoms in a Co-Cu alloy is likely to be an important factor in determining the stability of the surface structure. We have calculated the binding energies for atomic oxygen on the same Cu/ Co surfaces discussed above for oxygen surface coverages between 0.0 and 1.0 ML. The binding energy ͑Eb͒ we report is defined as the energy released upon the adsorption of an oxygen atom. A positive value indicates that the adsorption of an oxygen atom is stable on the surface. 22 The binding energies for atomic oxygen on the various different Cu/ Co͑0001͒ surfaces identified above are plotted as a function of coverage in Fig. 4 . The binding energies for atomic oxygen on the Co͑0001͒ and Cu͑111͒ surfaces were also included for comparison.
Oxygen binds strongly to all of the metal surfaces examined from a low of 2.67 eV/ atom to a high of 5.74 eV/ atom ͑Table III and Fig. 4͒ . This is expected since atomic oxygen itself is not stable in the gas phase. The results in Fig. 4 indicate that atomic oxygen is most strongly bound at the three-fold fcc sites for most of the surfaces examined, including Cu͑111͒, nonmixed Cu1 ML/ Co͑0001͒, Cocapped Co1 ML/ Cu1 ML/ Co͑0001͒ and mixed alloy CuxCo1 − x / Cu1 − xCox /Co͑0001͒. In all cases, the oxygen binding energy decreases with increasing oxygen coverage. This is due to the lateral repulsive interactions between the adsorbed oxygen atoms that arise from through surface and through-space electrostatic repulsion. Pauli repulsion between filled states tends to dominate the energy. The repulsive interactions increase substantially as the oxygen atoms begin to share metal atoms. This same trend has also been observed on several other metal surfaces, including O / Ag͑111͒, 34 O/Rh͑111͒, 35 O/Ru͑0001͒, 36 O/Co/Cu͑111͒, 22 and O / Cu/ Co/ Cu͑111͒ 22 The binding energy of oxygen on the metal is predominantly determined by the nature of the specific metal atoms to which it is bound. For example, the binding energy of oxygen on the Co͑0001͒ surface at low surface coverages ͑ϳ0.33 ML͒ is nearly 1.0 eV/ atom stronger than that for oxygen on the Cu͑111͒ surface. The significantly weaker bonding to Cu is the attributed to the greater Pauli repulsion between the electrons on oxygen and the nearly filled d band of Cu. The difference in the oxygen binding energy on Co͑0001͒ and Cu͑111͒ increases significantly with increases in the oxygen surface coverage. At full monolayer coverage, the binding energy for oxygen on Co͑0001͒ is 1.67 eV/ atom stronger than that on Cu͑111͒. The large differences between Co and Cu are primarily a consequence of the substantial increase in Pauli repulsion between lone pairs of electrons on oxygen and the electrons at the top of the valence band of the metal. The binding energy for oxygen therefore increases with an increase in the number of Co atoms in the surface. Figure 4 shows that at the same oxygen coverage, the binding energies for atomic oxygen decrease in the following order: The adsorption energies can also change as the result of more subtle electronic changes that occur with changes in the nextnearest neighbor metal atoms or from changes to lattice spacing as the result of changes to the bottom substrate. Electronic effects occur when there are changes in the composition of the first few layers of the slab which affect the binding of oxygen to the same constituent atoms. This can occur when as a result of changes in the degree of charge transfer or orbital overlap to the same central Co ͑or Cu͒ atom from changes in the specific neighboring atoms. Alternatively, these changes can be the result of structural changes in the underlying lattice. For example, the binding energy for oxygen on the Co 1 ML /Cu 1 ML /Co͑0001͒ surface is stronger than that on the pure Co͑0001͒ surface. Substituting Cu for Co in the second layer increases the surface Co's ability to adsorb oxygen. Since the substrate for both surfaces is Co͑0001͒, changes here are more likely the result of changes in the electronic structure of the surface Co atoms as the result of changes in composition of the second layer. The interaction between oxygen and Co is controlled by the coupling to d states near the Fermi level and can be readily understood by the d-band center model proposed by Hammer and Nørskov. 37 Subsurface Cu shifts the center of the d-band closer to the Fermi level. This enhances the interaction between oxygen and the Co surface, and increases orbital overlap which thus increases the binding energy. This can also be understood in terms of bond order conservation. The Co-Co bond is stronger than the Co-Cu bond. The Co surface atoms in the Co/ Cu 1 ML /Co͑0001͒ have a lower bond order than the Co surface atoms on the Co͑0001͒ substrate. To compensate for the lower bond order, the Co/ Cu 1 ML /Co͑0001͒ system binds more strongly to the oxygen.
Previously we reported on calculations for oxygen on the Cu͑111͒ substrate. 38 Some of the binding energy results are also included in Table III for comparison. The substitution of Co for Cu͓Cu 1 ML /Co 1 ML /Cu͑111͔͒ in the subsurface layer does not appear to appreciably change the binding energy of oxygen. The Cu surface states which are nearly filled dominate. There is very little change in the filling of these states when the subsurface layer is changed to Co. The adsorption energies for oxygen on Cu 1 ML /Co 1 ML /Cu͑111͒ and oxygen on Cu͑111͒ are quite similar. The oxygen binding energies are therefore within 0.05 eV of one another for all oxygen coverages.
Finally we explore how changes in the metal substrate that are removed from the surface can influence the oxygen binding energy. The first two layers for the Cu 1 ML /Co 1 ML /Cu͑111͒ and Cu 1 ML /Co 1 ML /Co͑0001͒ surfaces are identical. The former, however, is supported on a Cu͑111͒ substrate whereas the latter is supported on a Co͑0001͒ substrate. In the Cu 1 ML /Co 1 ML /Cu͑111͒ surface there is a lattice expansion of the Co layer that results from the lattice mismatch of the Co on Cu͑111͒. This ultimately propagates to the surface thus resulting in a somewhat stronger oxygen on the Cu 1 ML /Co 1 ML /Cu͑111͒ surface over the Cu 1 ML /Co 1 ML /Co͑0001͒ surface. This is seen in the resulting oxygen binding energies reported for these two surfaces in Table III . In comparing the results for Cu 1 ML /Co 1 ML /Cu͑111͒, Cu 1 ML /Co 1 ML /Co͑0001͒ and Cu͑111͒, we note that while there are differences in these three systems, the differences in the calculated oxygen binding energies are rather small.
For each of the surfaces considered, we examined oxygen binding at both the fcc and the hcp threefold surface sites. The structural changes for oxygen adsorbed at these two different sites were found to be quite small as is seen in Table  II . The corresponding difference between the binding energies for oxygen at the fcc and hcp sites, ⌬E b,fcc−Ͼhcp , reported in Table III were also rather small, and in the range from 0.01 to 0.13 eV/ atom which is only 0-3 % of the actual binding energy. A negative value for ⌬E b,fcc−Ͼhcp indicates that the oxygen at the fcc binding site is more favorable, whereas a positive value of ⌬E b,fcc−Ͼhcp suggests that the oxygen at the hcp binding site is more favorable. Oxygen slightly prefers to sit at the fcc site on all the four Cu/ Co͑00001͒ surfaces as well as the homogenous Cu͑111͒ surface for oxygen coverage up to 1.0 ML. In contrast, oxygen prefers the hcp site on the homogenous Co͑0001͒ surface. The surface or subsurface Cu layer in the Cu/ Co͑0001͒ system, therefore, influences the preference for the oxygen binding site. This influence, nonetheless, can be suppressed when the interaction of surface Co and the adsorbed oxygen coverage is large enough, such as the case for 1.0 ML in the Co 1 ML /Cu 1 ML /Co͑0001͒ system due to the strength of the Co-O interaction.
V. STABILITY OF THE VARIOUS Cu/ Co"0001… SURFACES IN THE PRESENCE OF OXYGEN
The binding energies of oxygen provide a measure of the strength of the metal-oxygen bond on each of the surfaces examined and help to rationalize the stability of different surfaces exposed to oxygen. Which surface is most stable in the presence of oxygen, however, requires a comparison of the total energy for a specific surface with oxygen against some reference ground state surface with oxygen. The relative stability is defined here as, ⌬E T , 22 which is the energy difference between the surface of interest and the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ surface structure, chosen here as the reference system. Both surfaces have identical amounts of oxygen adsorbed. A positive ⌬E T implies that the system of interest is less stable than the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ reference surface, whereas a negative value of ⌬E T implies that the reference surface is more stable.
The stability of the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ and the Co-capped Co 1 ML /Cu 1 ML /Co͑0001͒ are the two end points and therefore were examined first. ⌬E T was calculated for Cu1 ML/ Co1 ML/ Co͑0001͒ and Co1 ML/ Cu1 ML/ Co͑0001͒ at the oxygen coverage of 0.0, 0.17, 0.33, 0.50, 0.67, 0.83, and 1.0 ML. As seen in Fig. 5 , the value of ⌬E T for the capped Co 1 ML /Cu 1 ML /Co͑0001͒ continues to decrease with increasing oxygen coverage. This implies that the addition of oxygen helps to eventually stabilize the Co-capped Co 1 ML /Cu 1 ML /Co͑0001͒ surface just as it was found to stabilize the Co1 Ml/ Cu 1 ML /Cu͑111͒ ͑Ref. 22͒ surface. This is the result of the strong bonding between the surface Co atoms and the adsorbed oxygen atoms.
It is important to note that the two curves for the mixed Co 1 ML /Cu 1 ML /Co͑0001͒ and the nonmixed Cu 1 ML / Co 1 ML /Co͑0001͒ surfaces cross at the oxygen coverage of 0.362 ML ͑Fig. 5͒. For oxygen coverages less than 0.362 ML, the value of ⌬E T for the capped ͑mixed͒ Co 1 ML /Cu 1 ML /Co͑0001͒ is positive and larger than that of the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒. This suggests that the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ is more stable than the capped Co 1 ML /Cu 1 ML /Co͑0001͒ surface at oxygen coverage less than 0.362 ML. In contrast, at oxygen coverages greater than 0.362 ML, the value for ⌬E T for the capped Co 1 ML /Cu 1 ML /Co͑0001͒ surface is negative and thus less than that for the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒. This suggests that the capped ͑mixed͒ Co 1 ML /Cu 1 ML /Co͑0001͒ is now more stable than the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒, and that intermixing occurs for the Cu1 ML/ Co͑0001͒ systems when the oxygen coverage is higher than 0.362 ML.
For oxygen coverages greater than 0.45 ML, the curves in Fig. 5 reveal a systematic ordering with Co content whereby the surfaces with the highest composition of Co show the greatest stability. The stability of these surfaces above 0.45 ML of oxygen is as follows: The energy difference between each of these increases with increasing oxygen coverages. This indicates that there is an increase in the stability for surfaces which contain higher compositions of Co. Intermixing appears to be favored when the surface coverage of oxygen exceeds 0.362 ML. In order to prevent intermixing, the oxygen coverage in the Cu1 ML Co1 ML/ Co͑0001͒ system should therefore be kept below 0.362 ML.
In addition to the pseudomorphic overlayers discussed above, we have also analyzed the stability of the mixed Cu x Co ͑1−x͒ /Cu ͑1−x͒ Co x /Co͑0001͒ alloy surfaces as well. The relative stability, ⌬E T , for the mixed higher than 0.362 ML. In order to prevent this intermixing, the oxygen coverage, should be kept below the threshold oxygen coverage of 0.362 ML. Lower oxygen coverages lead to less intermixing. Higher coverages of oxygen may be necessary though to aid the Co/ Cu͑111͒ interface.
The effect of the oxygen coverage on the stability of the various Cu x Co ͑1−x͒ /Cu ͑1−x͒ Co x /Co͑0001͒ systems reported above were all carried out with oxygen adsorbed at the threefold hcp site. The differences, however, in the stabilities for oxygen at the fcc and hcp sites on these surfaces however were found to be quite small and insignificant as seen in Fig. 5 . The values for ⌬E T for the fcc-bound oxygen ͑the symbol with an open interior, Fig. 5͒ and the hcp-bound oxygen ͑the symbol with a solid interior, Fig. 5͒ are very close to one another. The energy difference induced by the different binding sites is not more than 0.08 eV/ atom ͑Table TABLE IV. Relative stability of the different Cu/ Co interfaces for the Cu/ Co͑0001͒ system in the presence of 0.0, 0.33, 0.67, and 1.00 ML of atomically adsorbed oxygen. The relative stability is measured by ⌬E T , calculated by subtracting the total energy of the interested system from the system where oxygen is adsorbed at the hcp site. A negative ⌬E T indicates that the system with the fcc-site oxygen is more stable. IV͒. In addition, the change in the oxygen threshold coverage where intermixing in the Cu x Co ͑1−x͒ / Cu ͑1−x͒ Co x /Co͑0001͒ system proceeds is increased only very slightly ͑4.4%͒ from 0.362 ML to 0.378 ML. The nonmixed In subsequent analyses, we probed the effect of the stacking pattern on the stability of the different Cu on Co surfaces reported above in both the absence and presence of oxygen. This effect was found to be insignificant. In the absence of oxygen, Co layers prefer hcp stacking, while the Cu layer prefers fcc stacking. The hcp stacking of Cu 1 ML /Co 1 ML /Co͑0001͒ denoted here as Cu 1 MLhcp /Co 1 MLhcp /Co͑0001͒ was therefore chosen as a reference state to evaluate the stability of other systems. The TABLE V. The effects of oxygen adsorption and interlayer stacking on the stability of the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ and the Co-capped ͑mixed͒ Co 1 ML /Cu 1 ML /Co͑0001͒ systems. Atomic oxygen coverage of 0.0, 0.33, 0.67, and 1.00 ML was explored, respectively. The relative stability is measured by ⌬E T , calculated by subtracting the total energy of the interested system from that of a reference system. The reference system is the hcp-stacking Cu/ Co͑0001͒ systems where atomic oxygen sits at the hcp site. A negative ⌬E T indicates that the system of interest is more stable than the reference system. surface stability for a particular stacking pattern is defined as
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which is the difference in the total energy for a specific stacking pattern minus the total energy of the reference system. For surfaces with ⌬E T values that are greater than zero, the hcp stacking is the most stable structure. The value of ⌬E T for the fcc stacking of the Cu 1 ML /Co 1 ML /Co͑0001͒ system denoted as Cu 1 MLfcc /Co 1 MLfcc /Co͑111͒ was found to be +0.04 eV/ atom ͑Table V͒. The positive value here indicates that the hcp stacking is slightly more stable. On the other hand, if the Co layer takes on hcp stacking but the top Cu layer takes on fcc stacking ͓denoted as Cu 1 MLfcc /Co 1 MLhcp /Co͑0001͔͒, then the value of ⌬E T is −0.01 eV/ atom ͑Table V͒, which indicates that this mixed Cu fcc /Co hcp /Co͑0001͒ surface is slightly more stable. Similarly, the most stable structure for the capped Co 1 ML /Cu 1 ML /Co͑0001͒ system in the absence of oxygen is Co 1 MLhcp /Cu 1 MLfcc /Co͑0001͒, where the Co layer prefers hcp stacking while the Cu layer prefers fcc stacking.
The slight gain in energy induced by the Co-hcp and Cufcc stacking patterns is suppressed when oxygen was introduced to the surface. The metal-oxygen bonds are significantly stronger than the metal-metal bonds and can therefore act to overcome these small energy changes. For example, the energy difference reported in Table V Fig. 6 . The relative stability of these systems were established by calculating the total energy difference, ⌬E T , as shown in Fig. 7 . The results in Fig. 7 show that the Cu-capped nonmixed Cu 1 ML /Cu 1 ML /Co 1 ML /Co͑0001͒ system is the most stable system over the full range of oxygen coverages ͑0.0 to 1.0 ML͒. The calculated binding energies for oxygen on the surface of these systems were very similar to that for the binding of oxygen on the Cu 1 ML /Co 1 ML /Co͑0001͒ system as indicated in Fig. 8 . This suggests that the changes in the electronic structure and lattice structure are negligible over more than a few layers. The critical step in controlling intermixing during epitaxial growth of Cu on Co therefore appears to be at the initial monolayer coverage of Cu on Co. Thicker copper films are not as susceptible to oxygen-induced segregation of Co even at high oxygen coverages.
VI. EFFECTS OF OXYGEN ON THE SURFACE ELECTRONIC AND MAGNETIC PROPERTIES OF THE
Cu/ Co"0001… SYSTEMS
A. Work function
The work function of the metal substrate is rather sensitive to the structural, electrical, chemical, and magnetic properties of surface layers and as such can be used as a probe of the influence of adsorbed oxygen. The nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ and the Co-capped ͑mixed͒ Co 1 ML /Cu 1 ML /Co͑000͒ shown in Figs. 2͑a͒ and 2͑d͒ , respectively present the two extremes for the Cu 1 ML /Co͑0001͒ systems analyzed herein and were therefore used as probe surfaces. The work function was calculated as the difference in the potential between the center of the vacuum of the slab and the Fermi energy. The results which are summarized in Table VI show that the work function for the Co-capped ͑mixed͒ Co 1 ML /Cu 1 ML /Co͑0001͒ surface increases from 5.12 to 6.80 eV as the oxygen coverage increases from 0.0 ML to 1.0 ML. The work function for the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ surface, however, increased from 4.86 to 8.21 eV as the coverage was increased from 0.0 to 1.0 ML. The calculated values for the bare Co 1 ML /Cu 1 ML /Co͑0001͒ and Cu 1 ML /Co 1 ML / Co͑0001͒ surfaces were 5.12 and 4.86 eV, respectively. They are consistent with other DFT-calculated values reported in the literature for Co͑0001͒ ͑5.27 eV͒ and Cu͑111͒ ͑4.78 eV͒ surfaces. 15 They are also consistent with experimental measures which range from 4.59 to 4.77 eV for Cu ͑Refs. 39-41͒ and 5.0 eV ͑Ref. 42͒ for Co. In both systems, the adsorption of oxygen leads to charge transfer from the metal to the oxygen which increases the work function of the metal.
B. Electronic structure
A detailed analysis of the electronic structure is provided for the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ and the Cocapped ͑mixed͒ Co 1 ML /Cu 1 ML /Co͑0001͒ surfaces and for the influence of oxygen coverage on both of these surfaces. These two surfaces were, once again specifically examined since they provide the two extremes for Cu and Co surface segregation.
The changes in the electronic structure of the nonmixed Cu-segregated surface ͑Cu 1 ML /Co 1 ML /Co͑0001͒͒ are given in Figs. 9-11 . The filling of the total density of states ͑DOS͒ was determined by calculating the fractional area under the DOS curves below the Fermi level. These results are presented in Tables VII and VIII. The total density of states for the unmixed Cu-terminated ͓Cu 1 ML /Co 1 ML /Co͑0001͔͒ surface is presented in Fig. 9 and in Table VII as a function oxygen coverage. The results show that there is a small but general broadening of the bands with increasing oxygen coverage. A band at −17 eV below the Fermi level appears as the surface is exposed to 9 . ͑Color online͒ The density of states ͑DOS͒ for the Cu 1 ML /Co 1 ML /Co͑0001͒ system with various oxygen coverage: ͑a͒ 0 ML of atomic oxygen; ͑b͒ 0.33 ML of atomic oxygen; ͑c͒ 0.67 ML of atomic oxygen; and ͑d͒ 1.0 ML atomic oxygen. ML represents monolayer. Orange line represents DOS of spin-down electrons; black line represents DOS of spin-up electrons.
oxygen. The band is the result of the surface Cu-O bonds that form. It shifts to slightly lower energies and increases with increasing oxygen surface coverage. As the oxygen surface coverage increases, the minority band ͑shown in orange in Fig. 9͒ shifts away from the majority band ͑shown as the black line in Fig. 9͒ and also illustrated in the values reported in Table VII. In general, it is difficult to distinguish the fine-scale individual changes in the overall band structure. We therefore analyzed the partial density of states in order to help separate out the changes in the electronic structure at the surface. The results in Fig. 10 show the partial density of states on the surface Cu atoms as a function of oxygen coverage. There is a general broadening in the distribution as the oxygen coverage increases. The peak for both the majority and minority bands lie between −2.5 and −3 eV below the Fermi level. This is consistent with bulk fcc Cu which is lies about −2 eV below the Fermi level for both the majority and minority electrons. 43 Both the majority and minority distributions shift to slightly lower energies with increasing O coverage as a result of bonding with oxygen. There is also some broadening in the partial density of states distribution due to the bonding of Cu with oxygen. The majority states on the surface Cu atoms remain constant while the minority states are slightly reduced as is shown in Table VIII . An analysis of the partial density of states ͑PDOS͒ of the subsurface Co atoms is shown in Fig. 11 . The majority band for these Co atoms appears below the Fermi level whereas the minority band appears above the Fermi level. This is consistent with bulk hcp Co which show the majority and minority bands at −1 eV and +1 eV, respectively. 43 The results for the d-band filling on the subsurface Co atoms indicate that there is little change in the filling of the majority states along with a small decrease in the minority states.
The detailed electronic structure for the Co-capped ͑Co 1 ML /Cu 1 ML /Co͑0001͒͒ mixed surface is presented in Figs. 12-14. The total density of states for the Co-terminated surface is shown as a function of oxygen coverage in Fig. 12 .
There is an evolution of peaks that grow in at −20 eV below the Fermi level that correspond to the formation of strong Co-O surface bonds. These states shift to lower energies with increasing O coverage. The partial density of states plots on the surface Co and the subsurface Cu atoms provide a better breakdown for the contribution from the different metal layers. The density of states on the surface Co atoms ͑Fig. 13͒ shows a significant broadening in the d-band due to bonds that form between Co and atomic oxygen. The minority band shifts toward the majority band as these states become filled as a result of their interaction with oxygen. The splitting between the majority and minority bands is therefore significantly reduced as there is a significant decrease in the filling of the majority Co surface states as shown in Table VIII along with a significant increase in the filling of the minority Co states. The position of the d band for the majority and minority states begin to closely approach one another. The unpaired electrons on the oxygen atom begin to pair with the minority electrons of Co. This significantly reduces the magnetic moment and will likely reduce the spin scattering and the giant magnetoresistance of the surface layer. The PDOS on the subsurface Cu atoms is shown in Fig. 14 and the filling of these states is given in Table VIII . There does not appear to be much of a change in the subsurface PDOS of the Cu atoms.
C. Magnetic properties
Molecular oxygen is paramagnetic. Its adsorption and dissociation over Cu and Co lead to unpaired electrons that can significantly influence the magnetic properties of the surface. The overall magnetic moment of the system was calculated as a first measure of the influence of oxygen on these surfaces. The overall magnetic moment refers to the calculate magnetization of the entire unit cell of our calculated surface slab. In addition, we calculated the magnetic moment on individual atoms in different layers. The calculations of the magnetic moments were calculated by integrating the spin TABLE VII. The effects of the oxygen coverage on electronic properties of various Cu/ Co͑0001͒ systems: the filling factor of the DOS. The relative difference ͑⌬d͒ for these properties is also calculated. This is defined as the difference between the values reported for minority spin electrons from those of the majority spin-up divided by the value of the property considered. A positive ⌬d value indicates that the property is greater for the majority over the minority spin.
Surfaces
Filling of DOS ͑fraction͒ As oxygen is added to the surface, the overall magnetic moments of the Co-and Cu-segregated surfaces, for fixed oxygen coverages, are slightly lower than those for the reference systems which indicate that there is some quenching of the total surface and oxygen spin. At 0.33 ML oxygen coverage, for example we note that the ideal magnetic moment is 21.20 B / system whereas that for the Co 1 ML and the Cu 1 ML surfaces were 20.50 and 20.54 B / system, respectively. This difference between the actual Co-and Cusegregated surfaces and the ideal reference tends to increase with increasing oxygen surface coverage.
The addition of oxygen to the Co 1 ML /Cu 1 ML /Co͑0001͒ surface initially increases the magnetic moment of the surface when 0.33 ML oxygen were added. This indicates that the oxygen at lower surface coverage increases the magnetization. While the total spin of the atomic oxygen and slab surface is quenched ͑as indicated above͒, the initial addition of oxygen preserves some of its spin character. This is seen in the analysis of the magnetic moments on the oxygen and the surface Co atoms. At 33% the oxygen atoms retain a The Cu 1 ML -Co 1 ML -Co͑0001͒ system is a reference system. Its magnetic moment is calculated from the bulk magnetic moments of Co ͑1.6 mB/ atom͒ and Cu atom ͑0 mB/ atom͒ as well as the magenetic moment of oxygen atom ͑2 mB/ atom͒ in the vacuum. portion of their magnetic character. In addition, the surface Co atoms retain their magnetic character. Therefore the initial addition of oxygen results in an increase in the magnetic moment. At higher coverages of oxygen, however, there is a significantly decrease the overall magnetic moment as the atomic oxygen atoms at the surface begin to spin pair with the magnetic Co atoms of the surface to quench their moments thus decreasing the overall magnetic moment of the surface. For example, at 1 ML coverage of oxygen, the magnetic moment of the Co-terminated surface decreases down to 16.00 B / system. The magnetic moments on the surface Co and adsorbed oxygen atoms are reduced to zero. These results are consistent with the speculated results presented in the section above on the changes in the overall electronic structure. The results are also consistent with recent experimental results by Morel et al. 44 who showed that oxygen at lower exposures initially induces an increase in magnetization on nanometer-sized cobalt particles. At higher oxygen exposures they find that there is a significant loss in magnetization which also nicely parallels the results found here.
The addition of oxygen to the Cu 1 ML /Co 1 ML /Co͑0001͒ surface acts to increase the overall magnetic moment of the surface. The magnetic moment for the 1 ML oxygen coverage for example is 24.1 B / system which is significantly higher than the surface without oxygen ͑19.75 B / system͒. The results for this surface tend to mirror the increases found for increasing oxygen on the bulk reference system. This indicates that the increase is likely due to an increase in the number of higher spin oxygen atoms at the surface which do not appear to loose their magnetic properties when they interact with the monolayer of Cu atoms at the surface. This is confirmed by the analysis of the magnetic moments on the surface oxygen as well as the other atoms. As oxygen coverage increases the magnetic moment from oxygen at the surface increases. There also appears to be an increase in the magnetic moment from the surface Cu atoms. The increase of spin on the Cu atom, however, could simply be due to the fact of the simple arbitrary delineation of the spin between the Cu-O bond used in calculating magnetic moments for the individual atoms.
VII. SUMMARY
The stability of the Cu/ Co interface and its chemical composition largely depend on the processing conditions and the reaction environment that the surface is exposed to. As such, the surface composition can be manipulated by the addition of small amounts of oxygen. First-principle density functional theoretical calculations were used here to determine the influence of oxygen on the stability of the surface and establish the most favorable oxygen coverages to grow "ideal" thin films of Cu on Co͑0001͒. The results indicate that in the absence of oxygen, the nonmixed Cu 1 ML /Co 1 ML /Co͑0001͒ interface is the most stable whereas the Co-terminated Co 1 ML /Cu 1 ML /Co͑0001͒ surface is the least stable. The mixed Co 0.67 Cu 0.33 / Co 0.33 Cu 0.67 /Co͑0001͒ and Co 0.33 Cu 0.67 /Co 0.67 Cu 0.33 / Co͑0001͒ alloys were found to metastable. The stability of the surface increases with increasing the amount of Cu at the surface. This is largely due to smaller surface energy for Cu as compared to Co. In the absence of oxygen, Cu prefers to segregate out to the surface. The binding energy for atomic oxygen on the ideal Co͑0001͒ and Cu͑111͒ yielded insight into the stability of each surface in the presence of oxygen. The magnitude for the binding energy of oxygen to the metal surface was found to predominantly depend on the nature of the metal atoms to which the oxygen binds. At the oxygen coverage of 0.33 ML, the binding energy for O on Co͑0001͒ is 0.86 eV stronger than that for O on Cu͑111͒. The difference in the binding energy of oxygen on Co versus Cu increases with increasing oxygen coverage. At 1 ML of oxygen, the difference in the binding energies of oxygen on Co͑0001͒ and Cu͑111͒ is about 1.67 eV. The oxygen binding energy, in general, increases with increasing the concentration of Co at the surface. The composition of the nearest neighbors either in the substrate or in the second atomic layer plays a secondary role.
For the different Cu x Co ͑1−x͒ /Cu ͑1−x͒ Co x /Co͑0001͒ systems studied herein, the presence of subsurface Cu increases the oxygen binding energy at the surface. The increase in the binding energy arises from changes in the electronic structure that shift the center of the d band of the metal slab projected onto the surface closer to the Fermi level. 37 Similarly, the binding energy for oxygen is weakened by an increase in the number of Co atoms in either the second layer below the surface or the substrate. Oxygen prefers to adsorb at the threefold fcc surface sites on all of the Cu/ Co͑0001͒ as well as the Cu͑111͒ surfaces. Cu acts to influence the binding site preference at the surface. The differences in the binding energy between the fcc and hcp sites, ⌬E b,fcc−Ͼhcp , however, were found to be rather small ranging from 0.01 to 0.13 eV/ atom.
The results described herein show that the addition of oxygen below 0.362 ML to Cu deposited on Co͑0001͒ substrates will retain the unmixed surface Cu/ Co͑0001͒ surface. The magnetic properties of this surface improve with the addition of oxygen. Higher oxygen surface coverages lead to intermixing and the preferential segregation of Co to the surface. At these higher oxygen surface coverages the majority and minority bands begin to approach one another as there is substantial electron pairing. This leads to a significant decrease in the magnetization of the surface which would ultimately limit GMR performance.
